L oss of sagittal balance is associated with pain and disability, and its restoration is the primary goal of adult spinal deformity (ASD) surgery. 13, 16 Facet osteotomies often provide limited sagittal correction because stiff, collapsed disc spaces impair posterior shortening. Moderate to severe ASD generally requires anterior disc space augmentation and/or posterior 3-column osteotomy.
recommended for mild sagittal correction goals. 10 A key shortcoming of these studies was limited use of traditional open posterior (OP) techniques for deformity correction.
LIF is one of many tools we have adopted for the treatment of ASD. In patients with primary ASD of moderate severity, we often combine LIF with a traditional OP approach (Fig. 1) . Sagittal correction is enhanced using facet osteotomies and a rod-cantilever technique. It is unclear how this hybrid strategy compares to OP-only surgery for ASD. In this study we assess the deformity correction, complications, and outcomes when LIF is added to an OP approach.
Methods

Patient Population
Following institutional review board approval, departmental databases were searched for all adult thoracolumbar deformity operations The remaining patients were categorized according to their surgical strategy: LIF+OP (LIF followed by OP surgery with facet osteotomies) or OP-only (open posterior surgery with facet or pedicle subtraction osteotomies). There were no specific criteria for selecting one approach over another. Both approaches were used throughout the study period. All LIF cases were performed by the senior author alone (V.D.), and all posterior cases (second stage LIF+OP and OP-only) were performed by the 2 senior authors as a team.
Surgical technique
The LIF+OP operations were performed under separate anesthesia sessions. In the first stage, multilevel LIF was performed using the Nuvasive extreme lateral interbody fusion system. 22 For coronal deformities, the concave side was approached to avoid the iliac crest and maximize the number of interbody grafts. After docking over the lateral annulus through a transpsoas approach, the tubular retractor was translated posteriorly and expanded anteriorly. This maneuver retracted the lumbosacral plexus and maximized anteroposterior exposure. Following discectomy and trial placement, a 10° lordotic implant of maximum safe size was chosen. The polyetheretherketone cage was filled with cellular allograft and inserted into the disc space. Scoliosis radiographs were obtained between stages to gauge the remaining correction needed.
For posterior surgery, the patient was positioned prone on a Jackson table with his or her thighs extended to promote LL. Interspinous ligament resection and Schwab 27 Grade 1 facet osteotomies were performed from L-1 to S-1. Additional bone resection (Grade 2 Ponte osteotomy or Grade 3-4 PSO) was performed as necessary. We routinely performed L5-S1 transforaminal lumbar interbody fusion (TLIF) and iliac bolt fixation. Lumbar lordosis was enhanced using a rod-cantilever technique and compres- sion. Local autograft, iliac crest autograft, and corticocancellous chips were applied for fusion, together with bone morphogenetic protein (24 mg for fusions to the lower thoracic spine, 36 mg for fusions to the upper thoracic spine). Patients were brought to the regular surgical floor or intensive care unit (ICU) based on anesthesiologist and surgeon assessment of hemodynamic stability, pain management needs, sedation level, age, and medical comorbidities.
Clinical assessment
Patients were evaluated in the clinic before surgery and postoperatively at 6 weeks, 3 months, 6 months, 12 months, and yearly thereafter. They were asked to complete health-related quality of life (HRQOL) questionnaires (visual analog scale [VAS] back pain, VAS leg pain, Oswestry Disability Index [ODI], SRS-22, and SF-36). The HRQOL metrics were recorded by research assistants blinded to the study. Standing anteroposterior and lateral 36-inch spinal radiographs were obtained at each visit and reviewed by the attending surgeon.
Data Collection
The medical record was searched for baseline clinical features, operative data, health care resource usage, and immediate and delayed complications. The surgical outcomes database was searched for HRQOL metrics before surgery and at last follow-up.
Radiographic parameters before surgery and at last follow-up were measured by the study authors using Surgimap software. Sagittal parameters were defined as follows. The SVA was defined as the anteroposterior distance between the C-7 centroid and posterosuperior aspect of the S-1 superior endplate. Pelvic tilt (PT) was the angle between a vertical line and a line connecting the midpoint of the S-1 superior endplate to the bicoxofemoral axis. PI was defined as the angle between a line perpendicular to the S-1 superior endplate and a line connecting the midpoint of the S-1 superior endplate to the bicoxofemoral axis. LL was the angle between the L-1 superior endplate and the S-1 superior endplate. PI-LL mismatch was defined as PI minus LL. The coronal vertical axis (CVA) was defined as the lateral distance between the C-7 centroid and central sacral vertical line. All CVA values were recorded as positive to facilitate group-wide comparison. Cobb angles for lumbar and thoracic curves were measured between the most coronally angulated vertebral bodies.
Data analysis
Changes in HRQOL and radiographic parameters from before surgery to last follow-up were calculated. LIF+OP and OP-only groups were compared with regard to clinical, operative, resource use, complication, HRQOL, and radiographic variables. For numerical variables, means and standard deviations were calculated, and comparisons were made using a 2-tailed Student t-test. Categorical variables were compared using a 2-tailed Fisher's exact test. The OP-only group was subdivided into those undergoing PSO (+PSO) vs facet osteotomy only (-PSO), and the same comparisons were made between LIF+OP and these subgroups.
results
Clinical and operative Data
The patients had a mean age of 68 years. Their primary diagnoses were adult degenerative scoliosis and flat back syndrome. Thirty-two LIF+OP and 60 OP-only cases were identified. All patients in the LIF+OP group had Grade 1 facet osteotomies only; none underwent PSO. On average, 3.8 LIFs were performed. Forty-three OP-only patients had Grade 1 or 2 facet osteotomies only, while 17 had PSO. On average, the LIF+OP and OP-only groups had similar baseline features and number of levels fused (Table 1 Despite undergoing 2 operations, the LIF+OP group had significantly lower total blood loss (1129 vs 1833 ml, p = 0.016). Total surgery time was longer (404 vs 304 minutes, p < 0.001), but posterior surgery time was significantly shorter (263 vs 304 minutes, p = 0.031; Table 1 ).
resource Use, Complications, and reoperations
The LIF+OP stages were on average 2 days apart, but hospital stays were not significantly increased (9.0 vs 9.3 days, p = 0.691). LIF+OP patients required significantly less ICU care (0.7 vs 2.8 days, p < 0.001) and were less likely to require inpatient rehabilitation after discharge (63% vs 87%, p = 0.015). These findings remained true when +PSO and -PSO OP-only subgroups were separately compared with LIF+OP ( Table 2) .
The incidence of new postoperative leg pain, numbness, or weakness was similar between groups (28% vs 22%, p = 0.609). All new leg symptoms resolved within 6 months, except for persistent weakness and numbness from an epidural hematoma in 1 OP-only patient. LIF+OP patients had significantly lower durotomy rates overall (0% vs 23%, p = 0.002) and when compared with the +PSO and -PSO subgroups (Table 2 ). LIF+OP patients also had fewer medical complications, but this difference was not significant (16% vs 25%, p = 0.427).
Average follow-up duration was similar between the groups (28 vs 25 months, p = 0.462). LIF+OP patients had significantly less pseudarthrosis requiring reoperation (6% vs 27%, p = 0.026). Both the +PSO and -PSO subgroups had greater pseudarthrosis than the LIF+OP group. The 2 pseudarthrosis cases with LIF+OP occurred at L5-S1 (where a TLIF had been performed). No interspaces treated with LIF developed pseudarthrosis. Rates of wound infection and proximal junctional kyphosis requiring reoperation were similar between groups (Table 2) . Table 3 illustrates HRQOL metrics before surgery and at last follow-up. Patients in the LIF+OP group had superior improvement in VAS back pain (mean decrease 4.0 vs 1.9, p = 0.046). They also experienced a greater reduction of disability (mean ODI decrease 21 vs 12, p = 0.035).
Clinical outcome Metrics
radiographic Parameters
In the coronal plane, LIF+OP provided greater lumbar Cobb angle correction than OP-only surgery (mean decrease 22° ± 13° vs 14° ± 13°, p = 0.010, Table 4 ). LIF+OP patients had 22° ± 13° restoration of LL, more than OPonly patients as a group (16° ± 11°, p = 0.031). When the OP-only group was subdivided on the basis of osteotomy type, LIF+OP provided an LL gain intermediately between OP-only with facet osteotomies (11° ± 7°, p < 0.001) and PSO (29° ± 10°, p = 0.045).
Discussion
ASD is associated with lumbar disc degeneration, 25 leading to malalignment in the sagittal plane (flat back syndrome), coronal plane (adult degenerative scoliosis), or frequently a combination of the two. Positive sagittal balance is a strong predictor of pain and disability, both without surgery and after fusion. 16 Restoration of sagittal balance is the primary goal of ASD surgery. 13, 16 Coronal realignment has less effect on overall outcome 13 but is important for relief of neurological symptoms related to foraminal collapse.
Lumbar disc degeneration is a major barrier to sagittal correction in ASD. Mild, flexible ASD can be treated with facet osteotomies (Schwab 27 Grade 1 or 2) and compression across posterior instrumentation. However, facet osteotomies are often inadequate because stiff, collapsed disc spaces limit posterior shortening. Moderate or severe ASD typically requires anterior disc space augmentation and/or posterior 3-column osteotomy. 6 ALIF restores disc height and serves as a reliable foundation for circumferential spinal fusion. The spinal portion of the operation is not technically demanding. However, ALIF carries many access-related risks including arterial thrombosis, venous laceration, deep vein thrombosis, bowel obstruction, hernia, ureter injury, lymphedema, lymphocele, and retrograde ejaculation. 29, 34, 35 Effective deformity correction can often be achieved without ALIF and the associated risks, leading many authors to question its routine use in ASD. 11, 20 PSO (Schwab 27 Grade 3 of 4) provides excellent sagittal correction for severe ASD, with up to 35° LL restoration and 10-cm posterior trunk translation. 32 Even in experienced hands, PSO carries significant surgical risks, both immediate (neurological deficit, durotomy) and delayed (infection, pseudarthrosis). 5, 15, 17, 33 PSO is resource intense, because high blood loss mandates aggressive resuscitation and postoperative intensive care. Medical complications are not uncommon and add to treatment costs. Complications after spinal fusion increase with age. 8 Many patients who undergo ASD are in their 7th or 8th decades, driving a search for less invasive treatment strategies. Lateral LIF through a transpsoas approach has been used for degenerative disease over the past decade. 22 Like ALIF, it restores disc height and indirectly decompresses the neural foramina, but it is less invasive and requires no bowel or great vessel retraction. 3 Direct muscle trauma can cause isolated psoas weakness, and lumbosacral plexus irritation can cause leg pain, weakness, or numbness. 18, 19, 21 The majority of leg symptoms resolve within 6-12 months. 9, 21, 26 There are rare reports of great vessel injury and pseudohernia from abdominal wall denervation. 2, 7, 12 Overall, LIF is believed to have a lower complication profile compared with open anterior or posterior spinal fusion. 3, 19, 24 More recently, LIF has been adopted in the treatment of ASD. 1, 4, 7, 24, 28 LIF is effective for coronal plane deformities, 24 but only mild improvement in sagittal alignment has been reported. Acosta et al. reported a mean 11.7° lumbar coronal Cobb angle correction in patients with degenerative scoliosis. 1 Mean LL restoration was only 4.1°, and there was no significant improvement in SVA. 1 Park et al. reported more LL restoration when LIF was coupled with open instead of percutaneous screw fixation (8° vs 3°, respectively). 23 Other studies have reported modest improvements in LL (5°-8°) and SVA (0-2.5 cm), with coronal correction more substantial. 4, 7, 24, 28 Consequently, LIF has been recommended for only small sagittal correction goals (10° in LL and 5 cm in SVA). 10 A key shortcoming of these studies was limited use of traditional open posterior techniques for deformity correction.
In contrast to other reports of LIF with posterior fixation, our LIF+OP approach provided substantial LL restoration (22° ± 13°)." 1, 4, 7, 23, 24, 28 Several factors may have played a role in these results. In the lateral stage, we maximized LIF graft size in all 3 dimensions and treated as many levels as safely possible. In the posterior stage, we maximized thigh extension during positioning to promote LL. We resected the interspinous ligaments and performed Grade 1 osteotomies from L-1 to S-1 to loosen the spine. We employed a rod-cantilever technique and compression to enhance sagittal correction. Many reports of LIF for ASD have used percutaneous screw fixation, 1,7 which is less conducive to facet/ligament resection and rod reduction techniques. The few studies using open fixation did not specify the frequency or number of facet osteotomies. 4, 23, 28, 30 The LIF+OP approach also provided more LL restoration than our OP-only operations without PSO (11° ± 7°). Most of our patients were in their 7th or 8th decades with stiff, collapsed discs. In this population, it is intuitive that anterior release and disc height restoration would augment correction achievable with facet resection and rod compression. LIF+OP surgery provided effective coronal plane realignment, with a 22° ± 13° reduction in lumbar Cobb angle. The hybrid technique corrected moderately severe deformities that would have otherwise required multilevel ALIF or PSO. A minimally invasive lateral approach helped us avoid complications and resource use associated with these procedures.
The hybrid technique was associated with less morbidity, faster recovery, and superior outcomes compared with OP-only surgery. Patients who underwent LIF+OP had less blood loss, shorter posterior surgery duration, and lower durotomy rates. We attribute these findings to the need for only Grade 1 facet osteotomies (no entry into the epidural space). The LIF+OP group had fewer medical complications, although the difference was not statistically significant. New leg symptoms from psoas or plexus irritation did occur in 28% of patients (versus 22% with OP-only), but all cases in the LIF+OP group resolved within 6 months. The LIF+OP group had shorter ICU stays and was less likely to require inpatient rehabilitation after discharge. These patients had dramatically less pseudarthrosis requiring reoperation (6% vs 27%). This finding is likely related to the circumferential fusion provided by the combined approach. Patients who underwent LIF+OP had superior improvement in back pain and disability at last follow-up. Most of these findings remained true when +PSO and -PSO subgroups were separately compared with the LIF+OP group, although some statistical significance was lost due to limited patient numbers (Tables 1-4) .
Uddin et al. reviewed 71 patients undergoing either an open or minimally invasive surgery (MIS) approach for ASD.
31 MIS patients had lower hospitalization cost, less blood loss, and shorter length of stay, while patients undergoing an open approach had superior long-term pain relief and deformity correction. 31 From a health care resource standpoint, our hybrid technique appears to combine the benefits of open surgery (effectiveness, durability) and MIS (treatment risk, recovery). LIF+OP surgery does involve higher upfront implant costs, and further analysis of total treatment expense is needed.
LIF+OP surgery is only appropriate for a subset of patients with ASD. For severe sagittal imbalance, LIF+OP would typically provide inadequate correction, and we pursue 3-column osteotomy in this population. Our data confirmed greater SVA and LL correction with PSO. In patients with iatrogenic flat-back deformity, the prior fusion mass and instrumentation typically impair anterior reconstruction with LIF. Patients with prior retroperitoneal surgery or radiation are not ideal candidates for a transpsoas approach. In most patients with ASD of moderate severity and no prior surgery, we have found LIF+OP to be a safe and effective option. Advances in LIF techniques may broaden their applicability for use in severe deformity. Anterior longitudinal ligament release with hyperlordotic cage placement has been shown to increase segmental lordosis by 17°.
14 At the moment, this technique has a steep learning curve, with potential for catastrophic vascular injury unless performed in experienced hands. themselves. On average, the 2 groups had similar clinical and radiographic features before surgery. However, the OP-only group was composed of a heterogeneous population with varying parameters (+PSO and -PSO patients). Therefore, we separately compared LIF+OP against +PSO and -PSO subgroups of the OP-only population. We found that LIF+OP remained superior in many comparisons against the +PSO and -PSO subgroups (Tables 1-4 ); yet, the study is prone to selection bias because the groups were not randomized or matched. We used several exclusion criteria to promote similar study populations. We excluded revision spinal fusions because iatrogenic flatback syndrome is typically not conducive to an LIF+OP approach. We excluded severe sagittal deformities (SVA > 200 mm or PI-LL > 40°) for the same reason. We excluded deformity operations performed by other surgeons at our institution to eliminate surgeon differences in indications, technique, and management. Despite relatively small treatment groups, we observed significant differences in deformity correction, resource use, complication profile, and clinical outcomes. We cannot credit the lower pseudarthrosis rate to LIF per se, but rather to the high number of interbody fusions we achieved with this technique (mean 3.8 LIFs + 1 TLIF with LIF+OP, vs 1 TLIF with OP-only). Nevertheless, our data suggest that LIF is a safe and effective method of achieving anterior release, disc height restoration, and solid interbody fusion over many levels of the lumbar spine. Multilevel LIF avoided the epidural bleeding, durotomies, nerve retraction, and limited correction associated with TLIF, as well as the approachrelated risks of ALIF. Our mean follow-up duration was 28 months in the LIF+OP group versus 25 months in the OP-only group. This was adequate to capture most delayed complications, but it is possible that some cases of late infection or pseudarthrosis were missed. Larger, prospective studies with matched cohorts and longer follow-up durations are needed to corroborate our results.
Conclusions
LIF+OP surgery is an effective strategy for ASD of moderate severity. Except for severe rigid deformities requiring 3-column osteotomy, LIF+OP provided more sagittal and coronal correction than our OP-only operations. Patients treated with the hybrid approach had faster recovery, fewer immediate and delayed complications, and greater relief of back pain and disability.
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